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Abstract
An Al-Ni-Mm-Fe amorphous and nanocrystalline composite coating was prepared onto the surface of AZ91 magnesium alloy
by high velocity arc spraying process. And the microstructure of the coating was analyzed by scanning electron microscope
(TEM) and X-ray diffraction (XRD). The analysis results indicated that the coating consists of amorphous, nanocrystalline and
crystalline phases. It has a dense structure with a low porosity of about 2.0 %. Its average micro Vickers hardness value is about
330 HV0.1, which is five times than that of AZ91 magnesium alloy (62 HV0.1) and four times than that of pure Al coating (71
HV0.1). The abrasion tests showed that the Al-Ni-Mm-Fe coating exhibits a good abrasion resistance.
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1. Introduction
In recent years, surface treatment techniques have been commonly applied to improve the corrosion resistance
and wear resistance of Magnesium alloys. By these methods, their corrosion resistance has obtained reinforcement
[1-5]. However, their wear resistance hasn’t been changed because the protective films prepared by these methods
were too thin and weak.
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It has been reported that thermal sprayed aluminum coating was usually applied to improving the corrosion
resistance of magnesium alloy. But the aluminum coating has limited wear resistance. So many researchers have
advanced the wear resistance of aluminum coating by controlling the microstructure of aluminum coating [6]. The
aluminum coating reinforced with SiCp showed a better wear behavior than the substrate and pure Al coating.
However, these techniques using powders as feedstock materials have limited spraying efficiency.
High velocity arc spraying technique is a simple process with low operation cost and high efficiency [7]. The
cooling rate of a single splat is about  105 K/s [8]. This high cooling rate can be enough to form metastable
deposits, which are amorphous phases and nanocrystalline phases, as long as the alloy composition is in reason.
Recently, amorphous alloy coatings have attracted more and more researchers’ interests owing to their outstanding
mechanical behavior and good corrosion resistance [9]. And partially nano-crystallized amorphous alloy exhibited a
better mechanical property than fully amorphous alloy [10]. In addition, researches on Al-based amorphous and
nanocrystalline composite coating using for surface protection of AZ91 magnesium alloy that prepared by high
velocity arc spraying process have been rarely reported at the present time.
So in this paper, an Al-Ni-Mm-Fe amorphous and nanocrystalline composite coating was prepared by HVAS
process on the surface of AZ91 magnesium alloy. And microstructure, mechanical properties and abrasion resistance
of the coating were researched and compared with pure Al coating and AZ91 alloy.
2. Experimental procedures
2.1. Specimen preparation
The cored wires in a diameter of 2.0 mm were used as feedstock. They were made up of outer skin that is pure
aluminum bond and conventional alloy powders that contain specific atomic ratios of elements to optimize glass
forming ability. The industrial common AZ91 magnesium alloys were used as substrate materials. Table 1 presents
the chemical compositions of AZ91 alloy. Before sprayed process, AZ91 alloys were degreased with acetone, dried
in air, and then grit-blasted. The sand blasting parameters are as follows: air pressure 0.7 MPa, blasting angle 70°
and the stand-off distance 100 mm. A self-designed wire arc gun system was employed for coating preparation. The
detailed spraying parameters for the HVAS process are as follows: spraying voltage 33 V, spraying current 150 A,
compressed air pressure 0.65 MPa, the stand-off distance was 150 mm.
Table 1. The chemical composition of AZ91 magnesium alloy
Elements Contents/wt.%
Al 8.39.7
Zn 0.351.0
Mn 0.150.5
Si 0.1
Fe 0.005
Cu 0.03
Ni 0.002
Mg Bal.
2.2. Mcirostructure characterization and wear test
X-ray diffraction (XRD) analysis of the specimens was performed on the D8 X-ray diffractometer with CuK5
radiation operated at 40 kV and 20 mA. TECNAL G220 transmission electron microscope was applied to
characterize the microstructure of the coating. Before analyzed, the 0.3 mm slices was cut from the top of the
coating by linear cutting machine, reduced to about 0.1 mm from inside to outside mechanically, and then thinned
by using ion-beam milling technique until perforation. The surface and cross-section morphologies of the coating
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were observed using a QUANT 200 scanning electron microscope (SEM) equipped with energy dispersive
spectroscopy (EDS).
A type of image analysis software was used to count percentage of the pores in the coating. The SEM images
with magnification of 1000 and with at least 20 view-fields from different positions were used for the porosity
measurement. Micro Vickers hardness measurements were made on polished sample surfaces with an FM-700
micro Vickers hardness tester at a load of 0.98 N on each material and diamond indenter with a loading time of 15 s.
All of the measured micro Vickers hardness values are mean of 10 indentations. And average thickness of coating
was derived from five measurements.
Wear tests of the samples under dry conditions were conducted with a UMT-2 reciprocating wear machine at
room temperature (25). Ball-on-plate geometry was employed with a reciprocating sliding [11]. The counterface
was GCr15 steel ball with a hardness value of HRC 60 and a diameter of 4 mm in all tests. The normal loads were 1,
2, 3 and 4 N, the oscillating stroke was 5 mm, the frequency was 5 Hz, and the sliding time was 20 min. The friction
coefficients were continuously recorded automatically. Following wear tests, the profiles of worn surfaces were
measured using a LEXT OLS 3000-IR surface contourgraph.
3. Results and discussions
3.1. Microstructure characterization analysis
Figure 1 shows the X-ray diffraction patterns of Al-Ni-Mm-Fe amorphous and nanocrystalline composite coating.
A broad halo peak appears in the X-ray diffraction patterns, which indicates that amorphous phase exists in the
coating [12]. In addition, the XRD analysis results show that crystalline phases exist in the coating, such as 5-Al
(PDF No. 89-4037), AlNi (PDF No. 65-5171) and other nanocrystalline. The interplanar distance d value of
amorphous diffraction ring is close to that of AlNi phases. And the peaks of any oxide are not detected, indicating
low oxide content in the coating.
Fig. 1. X-ray diffraction patterns of Al-Ni-Mm-Fe amorphous and nanocrystalline composite coating
Figure 2 illustrate TEM images of the Al-Ni-Mm-Fe amorphous and nanocrystalline composite coating. The
diffused halo rings in the selected area diffraction pattern of Fig. 2a indicates that the coating has come complete
amorphous phase region. It can be seen from Fig. 2b that 5-Al nano-particles ranging in size from 30 to 100 nm and
other crystalline phases coexist with the amorphous phase in the coating. So the TEM analysis results confirm that
the coating consists of amorphous and crystalline phases.
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Fig. 2. TEM images of Al-Ni-Mm-Fe composite coating (a) amorphous phase; (b) amorphous and nanocrystalline phases
Figure 3 show SEM images of Al-Ni-Mm-Fe coating and pure Al coating. The Al-Ni-Mm-Fe coating has a dense
structure with low porosity of 2.0 %, as shown in Fig. 3a. It has no obvious defects. And there are many pores in the
pure Al coating, as shown in Fig. 3b. Its average porosity is about 5.0 %. It can be found from EDS analysis results
that the a few oxides can be detected in both coating.
Fig. 3. SEM images of the coatings (a) Al-Ni-Mm-Fe composite coating; (b) pure Al coating
The high velocity arc spraying technology can afford a high cooling rate of about 105 K/s, which is a suitable
condition for forming amorphous phase. In addition, the composition of the cored wires satisfies the three empirical
rules proposed by Inoue [12]: a) the numbers of the composition contain and surpass three types of elements, b) at
least 12 % atomic radius difference of multi-component and c) high negative mixing enthalpy between the elements.
Actually, the cored wires contain more than four kinds of elements, such as Al, Ni, Fe and Mm (stands for Misch
metal, including La, Ce, Nd, Pr and so on). The atomic size of the elements decreases in the order of Mm (ra, La
=0.187 nm, ra, Ce = 0.182 nm, ra, Nd = 0.182 nm, and so on) > Al (ra, Al = 0.143 nm) > Fe (ra, Fe = 0.127 nm) > Ni (ra, Ni
= 0.124 nm). And the mixing enthalpies values for Al-Ni, Al-La, Al-Ce, Al-Nd and Al-Fe atomic pairs are -22, -38,
-38, -38 and -11 respectively. The mixing enthalpies values for Ni-La, Ni-Ce, Ni-Nd, Fe-La, Fe-Ce and Fe-Nd
atomic pairs are -27, -28, -30, 5, 3 and 1 kJ/mol [13]. A netted texture is generated as the adding of elements with
different atomic radius, which can hinder atoms spreading, the nucleation and coarsening [14]. In addition, large
negative heated mixing among the constituent elements strengthens the interaction among components and promotes
the chemical short-range ordering in the liquid [9]. So the amorphous phases formed in the coating.
However, the amorphous phase is a metastable phase of thermodynamics. It can be transformed to a stable phase,
like the nanocrystalline phase or crystalline phase. So in a very short time, the composite coating that coexisted with
amorphous, nanocrystalline and crystalline phases is formed.
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3.2. Wear resistance analysis
The average Micro Vickers hardness values of Al-Ni-Mm-Fe coating, pure Al coating and AZ91 magnesium
alloy, that cutting cross-section along the high velocity arc spraying direction, are about 330 HV0.1, 71 HV0.1 and 62
HV0.1, respectively. Figure 4 shows the hardness variation curves of two coatings. High hardness of Al-Ni-Mm-Fe
coating depends on its complex microstructure and low porosity. Both of amorphous and nanocrystalline phases can
improves its hardness. And low porosity can compact the coating. The pure Al coating has a so many pores that its
hardness is lower than AZ91 magnesium alloy.
Fig. 4. The variation curves of the microhardness test values along the spraying direction of the different coatings
Figure 5 show the effect of normal loads (1, 2, 3 and 4 N) on the friction coefficient and volume loss. It can be
seen from Fig. 5a that the Al-Ni-Mm-Fe coating has a lower friction coefficient value than pure Al coating. When
the normal load is 3 N, the friction coefficient value of the samples reach the lowest value. And the Al-Ni-Mm-Fe
coating has the lowest volume loss in three samples. The volume loss of pure Al coating is larger than that of AZ91
magnesium alloy. So the Al-Ni-Mm-Fe coating has a better wear-resistance and abrasion resistance than pure Al
coating. The amorphous and nanocrystalline phases in the coating can improve its abrasion resistance. And the low
porosity has a good effect on the improvement of abrasion resistance.
Figure 5 The variation curves of different parameters with the normal loads raised (a) the friction coefficient; (b) the volume loss
Figure 6 shows worn surface morphologies of Al-Ni-Mm-Fe coating, pure Al coating and AZ91 alloy after
abrasion test: the normal loads was 4 N; the oscillating stroke was 5 mm; the frequency was 5 Hz; at room
temperature; dry sliding and the sliding time was 20 minute. It can be found from Fig. 6 that the Al-Ni-Mm-Fe
coating has the lowest volume loss, and the volume loss of pure Al coating is larger than that of AZ91 alloy. The
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analysis result of worn surface morphologies is agreeable with the result of Fig. 5b. So the amorphous and
nanocrystalline phases afford high hardness and excellent abrasion resistance for Al-Ni-Mm-Fe coating.
Figure 6 Worn surface morphologies of (a) Al-Ni-Mm-Fe coating, (b) pure Al coating and (c) AZ91 alloy
4. Conclusions
XRD and TEM analysis results revealed that the Al-Ni-Mm-Fe coating prepared by high velocity arc spraying
technique consists of amorphous phases, nanocrystalline phases and crystalline phases. SEM images show the
coating has a compact structure with a low porosity of 2.0 %. The average micro Vickers hardness values of Al-Ni-
Mm-Fe coating, pure Al coating and AZ91 alloy are about 330 HV0.1, 71 HV0.1 and 62 HV0.1, respectively. The wear
tests results indicate that the friction coefficient value of Al-Ni-Mm-Fe coating is lower than that of pure Al coating,
and the volume loss value of Al-Ni-Mm-Fe coating is lower than that of AZ91 alloy, and that of pure Al coating is
the largest.
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